The 1= f noise in insulated gate strained Si n-channel modulation doped field effect transistors (MOSMODFETs) and in control Si metal-oxide-semiconductor FETs (MOSFETs) has been studied at gate voltages below and above the threshold. All transistors have a deposited gate oxide of 20 nm and gate length of 0.5 mm. Mobilities extracted from the capacitance-and current-voltage characteristics were found between 580 -700 cm 2 V À1 s À1 for the MOSMODFETs, and between 300 -400 cm 2 V À1 s À1 for the Si MOSFETs. In spite of the difference in the mobility both FETs demonstrated identical noise characteristics. The 1= f noise was found well described by the model of number of carriers fluctuations equally below and above threshold. The effective density of traps is $5 Â 10 10 eV À1 cm À2 responsible for the noise was within the usual range reported before for regular n-channel Si MOSFETs and somewhat higher than for p-SiGe MODFETs.
Introduction
Advances in mainstream Si metal-oxide-semiconductor (MOS) technology are focused on methods towards aggressive downscaling of the gate length that enable the preservation of the electrical integrity of the devices. Apart from this dramatic reduction in device dimensions, optimization of speed and packing density can also be obtained via other approaches that are being investigated in parallel. Two of the most popular ones are the use of multi-gate approaches such as, e.g., multiple gated field effect transistor (MUGFET) and finFET, 1) and the use of strained-Si technology. Strained-Si FETs (s-Si FETs) have shown improved performance compared to Si MOSFETs. 2) In s-Si FETs, the strain in the channel can be accommodated by means of global or local strain. 3) In the local strain approach the Si channel is strained by encapsulating the small mesa structure with oxides, nitrides and SiGe. In the global strain approach the Si channel is strained using a virtual substrate-a constant composition Si 1Àx Ge x buffer is grown (chemical vapor deposition or molecular beam epitaxy) on a strain-relaxed Si 1Ày Ge y graded-Ge (y: 0 ! $x) layer on a standard Si substrate. 4) In this paper we will work with strained-Si FETs of the global strain approach. Investigations in s-Si FETs are again divided in two fields, surface channel and buried channel devices. Buried channel s-Si devices are similar in ideology as III-V high electron mobility transistors (HEMTs) in that they position the channel away from the gate interface and the doping layer. The buried channel devices, although more challenging from a fabrication point of view, have shown promise for high frequency 5) and low power applications. 6) Due to the relative immaturity of the s-Si technology, noise characterization of these devices is limited. The low frequency noise in p-type strained-SiGe MOSFETs has been studied in multiple papers [7] [8] [9] [10] [11] [12] [13] [14] and references therein. However, noise studies in n-channel strained-Si modulation doped FETs (MODFETs) have been reported in a few publications only dealing with Schottky gate devices. [12] [13] [14] In the present paper low frequency noise was studied experimentally in insulated gate strained-Si buried n-channel modulation doped FETs (MOSMODFETs) in the linear regime and in saturation at gate voltages from sub-threshold to strong inversion. Results are compared to those for the control Si nchannel MOSFETs and published data for p-strained-SiGe MOSFETs. Special attention was paid to the sub-threshold mode of operation. This regime is important for both digital and analog applications: in digital circuits it is one of the operating states of the MOSFETs, in analog applications the sub-threshold regime is preferable for low voltage, low power schemes.
Experimental Procedure
The MOSMODFETs were grown by MBE on p-doped Si substrates using a p-doped graded (0 -30%) buffer layer followed by 1 mm p ¼ 5 Â 10 17 cm À3 Si 0:7 Ge 0:3 , 100 nm undoped Si 0:7 Ge 0:3 , an 8 nm strained-Si quantum well, 5 nm undoped Si 0:7 Ge 0:3 setback layer and a 3 nm heavily doped (n ¼ 3 Â 10 18 cm À3 ) Si 0:7 Ge 0:3 supply layer. The Si control MOSFET is defined on p-type 18 -33 cm À1 Si with a graded B-dose implant punch-through stopper. In order to keep thermal budgets low, a 20 nm gate oxide was deposited using low energy plasma enhanced chemical vapor deposition (LPECVD) on both devices. The source and drain were self-aligned to an in-situ n-doped polycrystalline Si gate. The gate length and width of the measured devices were L g ¼ 500 nm and W ¼ 50 mm, respectively. The device structure and band diagram for the MOSMODFET are shown in Fig. 1 . The tensile strain in the thin Si channel is due to the relaxed SiGe layers surrounding it. It causes the energy band offsets in valence and conduction bands and leads to a quantum well channel for electrons in the strained Si layer. The second consequence of strain is the increase of mobility of the electrons in the quantum well. 15) The low-frequency noise was measured using a probe station with 10-mm diameter tungsten probes under controlled pressure, in a frequency range from 1 Hz to 50 kHz at 300 K with the FETs in common source mode at sourcedrain bias V ds from the linear region to saturation (including sub-threshold). The voltage fluctuations S V from the load resistor R L connected in series with the drain were analyzed by a SR770 FFT Spectrum Analyzer.
The spectral noise density of the short circuit drain current fluctuations, S I , was calculated using the well-known expression:
where R d is the drain-to-source differential resistance.
Results and Discussion
All MOSMODFETs demonstrated good linearity at small drain voltage and good saturation at high values of V ds . The total contact resistance R c , measured using a transmission line model (TLM) pattern, was around 100 for all devices, which is essentially smaller than the total drain to source resistance even at high gate voltage. Si MOSFETs demonstrated similar current-voltage characteristics with a total resistance, R tot , in the linear regime approximately 1.5 higher and a saturation current $1:5 smaller than the MOSMODFETs for the same gate voltage overdrive V g À V t , where V t is the threshold voltage. In sub-threshold, in accordance with theory, 16 ) the currentvoltage characteristics were linear at drain voltages below several kT=q and saturate at V d % 100 mV (here q is the elemental charge, k the Boltzmann constant, and T the temperature). In sub-threshold, mobilities extracted from the current voltage characteristics using the method described in ref. 17 were between 580 -700 cm 2 V À1 s À1 for the MOSMODFETs, and for the Si MOSFETs between 300 -400 cm 2 V À1 s À1 . The gate leakage current did not exceed 10 À10 A for all devices. The sub-threshold voltage slope of the transfer characteristics was I d / expðqV gs =nkTÞ with an ideality factor n ¼ 3 for both MOSFET and MOSMODFET. The threshold voltage extracted from the transfer current voltage characteristics was V t ¼ À0:26 and þ0:4 V for MOSMODFETs and MOSFETs, respectively.
The noise spectra were close to the 1= f law with ¼ 0:85 {1:05 for most cases and were similar for the MOSFETs and the MOSMODFETs. Some MOSMODFETs demonstrated a small change in the sub-threshold slope and/or in saturation at frequencies f > 100 Hz. Figure 2 shows two examples of noise spectra for the MOSMODFET. In strong inversion (V g ¼ 1:5 V) the frequency exponent is found to be % 1. Close to threshold (V g ¼ À0:2 V) the frequency exponent becomes % 0:85. The similarity of the MOSFET and MOSMODFET noise spectra (despite the buried channel character of the latter) is due to the small distance between gate oxide and buried channel which is essential for effective gate control in MOS-gated MODFETs. The mechanisms of current flow in FETs are different above and below threshold. While above threshold (inversion) the drift current dominates, below the threshold the current flows mostly due to the diffusion. 16) In spite of the different current flow mechanisms, the spectral noise density of the current fluctuations was always proportional to current squared for the linear part of the current-voltage characteristic, both below and above threshold. Figure 4 shows the same set of the noise data as a function of the drain current.
Close to the saturation voltage, the spectral noise density, S I , increases faster than $I 2 d . At drain voltages, higher than the saturation voltage, a decrease of S I with further drain voltage increase was found in some devices. A similar noise behavior as a function of drain voltage has been reported for GaN-based heterojunction field effect transistors. 18) In order to reveal the mechanism of the drain current fluctuations, noise was measured as a function of the gate voltage. 19) Figure 5 shows the dependence of the relative spectral noise density normalized to the gate area ðL g WÞ Â S I =I 
where D eff is the effective trap density on the Fermi level, C g is the gate to channel capacitance per unit area, and max and min are the maximum and minimum tunneling times. In MOSFETs C g is the oxide capacitance, while in MOSMODFETs the capacitance C g is determined by both gate oxide and SiGe cap layer. If the contact resistance is not negligible, the spectral noise density S I =I The gate voltage dependence of noise shown in Fig. 5 also indicates negligible contribution of contact resistance noise. As shown in ref. 22 , when contact noise dominates, the relative spectral noise density of the drain current fluctuations either increases or weakly depends on gate voltage overdrive (V g À V t ). This dominant contribution of contact noise can be found in many publications for different FETs, 21, 22) including p-SiGe MOSFETs. 10) However in the devices presented here, noise always decreases with increasing gate voltage overdrive (see Fig. 5 ) indicating negligible contribution of the contact noise.
For the practical applications the gate referred noise S V g ¼ S I =g 2 m is an important transistor parameter (with g m the transconductance). The thin solid line in Fig. 5 shows the ðg m =I d Þ 2 ratio for one of the MOSMODFETs. As seen, the S I =I 2 d noise and the ðg m =I d Þ 2 ratio do not change proportionally with the gate voltage overdrive V g À V t , indicating the decrease of the input referred noise when approaching the threshold. The input referred noise for the studied devices ranges from ð1{ 6Þ Â 10 4 mV 2 mm 2 Hz À1 depending on bias conditions (units as in the ITRS: http://public.itrs.net).
The models for 1= f noise in MOSFETs below threshold were developed based on number of carriers fluctuations. 23, 24) In accordance with the ref. 24 , the spectral noise density S I =I 2 d in weak inversion is given by:
where is the tunneling constant, N t is the oxide trap density at the Fermi level, C ox , C D , and C it are the oxide, depletion region, and interface trap capacitances, respectively. Assuming that C ox þ C D þ C it and N t slowly vary with gate voltage, the model predicts the relative spectral noise independent on drain current (gate voltage).
As seen from Fig. 5 , the spectral noise density S I =I 2 d tends to saturate when the gate voltage approaches the threshold. This feature is more clearly seen in Fig. 6 , which shows the dependence of ðL g WÞ Â S I =I 2 d on drain current at constant drain voltage for the MOSMODFETs both below and above threshold. This kind of drain current (gate voltage) dependence of noise was reported before for many different types of FETs: Si MOSFETs, 24, 25) GaN-based FETs, 25) InP-based MODFETs, 27) and some others. The independence of S I =I 2 d
on current (gate voltage) in sub-threshold and, therefore, a decrease of the absolute value of noise S I with current decrease, makes this regime attractive for low noise applications.
The model for the low frequency noise in SiGe MOSFETs, which accounts for the carrier number fluctuations correlated to mobility fluctuations due to the Coulomb scattering and due to the Hooge mobility fluctuations, was developed in ref. 28 . However, for the transistors under investigation the experimental results both above and below threshold are well described in the framework of the McWhorter model without involving mobility fluctuations.
Equation (1) allows us to estimate the effective density of traps D eff . The value of lnð max = min Þ in eq. (1) directly affects this estimate making D eff weakly dependent on the chosen max = min ratio. In order to make our estimates compatible with other publications we chose lnð max = min Þ ¼ 4.
29) Estimating C g from the device geometry, we obtained D eff ¼ 4:6 Â 10 10 eV À1 cm À2 for the MOSMODFETs and D eff ¼ 6:1 Â 10 10 eV À1 cm À2 for the MOSFETs. These values are within the usual range for Si n-MOSFETs of the same gate length. 29) Results of the noise study in pMODFETs allowed us to extract the effective density of states D eff for those devices. 7, 9, 11) Table I compares these values and values of the normalized noise density ð fL g WÞ Â S I =I 2 d at V g À V t ¼ 1 V for the devices under investigation and extracted from several publications for p-strained-SiGe MOSFETs.
As seen from the table, strained n-channel devices are characterized by a higher level of noise than strained pchannel MOSFETs. The effective density of traps is also higher (with the exception of ref. 9). The difference of the noise properties, noise magnitude, and D eff in n-and pchannel Si MOSFETs is well known and discussed in several publications. 19, 30, 31) This difference is maintained for strained n-and p-channel MOSFETs.
Conclusions
Low frequency 1= f noise was studied in strained Si nchannel MOS-gated MODFETs in a wide gate and drain voltage range from the linear region to saturation and from sub-threshold to strong inversion. The results were compared to control n-Si MOSFETs processed in the same batch and to strained p-SiGe MOSFETs. Gate voltage dependence of noise both below and above threshold is well described by the number of carriers fluctuations model and are related to the tunneling transition from the channel to traps in the gate oxide. In spite of the difference in electron mobility for n-MOSFETs and MOSMODFETs, the noise properties of these devices were found identical. That is additional proof that fluctuations in number of electrons but not mobility are responsible for the 1= f noise in these devices. The effective density of the oxide traps extracted from the noise level is of the order $5 Â 10 10 eV À1 cm À2 , which is a typical value for Si MOSFETs but somewhat higher than for p-SiGe MOSFETs.
